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Abstract 
The simulation of rapidly solidified Cu-Cr alloys was studied in this paper. The rapidly solidified Cu-Cr alloys can be 
approximately modeled by one-dimensional heat conduction equation. The temperature distribution and the cooling 
rate of rapidly solidified Cu-Cr alloys are determined by integration of the equation. The cooling rate is inverse 
proportion to the square of the thickness of the alloys. The thermal diffusivity of the Cu-Cr melt and the coefficient of 
thermal storage of the cooling copper mediator are the most important factors that decide teh cooling rate of the 
alloys. The simulative results are coincident very well with the experimental results for the microstructure of rapid 
solidified Cu-Cr alloys prepared by melt-spinning. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
 
Keywords: Cu-Cr alloys; cooling rate; rapid solidification; simulation 
1. Introduction 
The Cu-Cr alloys are widely used in a variety of products requiring a combination of formability, high 
mechanical strength and excellent electrical conductivity. Examples include contact materials, electrical 
connectors, lead frames and welding electrode tips. The strengthening effect in conventional, cast Cu-Cr 
alloys is limited because of low solubility of chromium in copper at the solution temperature and coarse 
grain microstructure. In order to improve the performance of these alloys, rapid solidification technology 
has been used to refine the micrcrostructure and enhance solid solubility. Several processing alternatives 
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have been examined with the goal of  increasing the solid solubility of chromium in copper and, in turn, 
increasing the volume fraction  of precipitates for strengthening. Such as gas atomization, melt spinning 
[2-4], drop tube and spray deposition et al. In our previous work, the rapid solidification technology by 
melt spinning and splat quenching has been used [3,5]. The purpose of this paper was to obtain better 
understanding of the relation between the cooling rate and microstructure of rapidly solidified Cu-Cr 
alloys.  
2.  Modeling and solution  
Considering a rapidly solidified Cu-Cr ribbons produced by melt spinning with a cooling cooper 
mediator, the molten Cu-Cr drops and spreads out on the surface of the cooling copper mediator. When 
the molten alloy contactes the cooper mediator, heat transfer will take place by conduction from the 
molten alloy with a high temperature to the cooling mediator with a low temperature. In order to ensure 
the temperature gradients in the width and length directions are negligible compared with that in the 
thickness direction, the Cu-Cr ribbon is large enough in the width and length directions compared to its 
thickness. By these, the temperature distribution of the Cu-Cr ribbon can be governed by Fourier’s 
equation of heat conduction in a one dimensional slab. Similarly, the transient heat transfer in the cooling 
mediator is governed by Fourier’s equation of heat conduction in a semi-infinite region. In both cases, the 
heat transfer is one dimensional. For the sake of simplicity, this physical model is dealt with using the 
following assumptions: (1) Mass transfer in liquid and solid is neglected; (2) There is no gap between the 
ribbon and the cooling mediator, so that only heat conduction is considered; (3) The physical properties of 
the ribbons and the cooling mediator are constant, and are independent of temperature; (4) The thermal 
resistance is neglected; (5) The latent heat of crystallization is neglected. 
   1 1
1 1
α   λ  
c   ρ        
2 2
2 2
α  λ
 c   ρ
  
Cu-Cr ribbons Cooling mediator 
Fig.1 Schematic drawing of the thermal profile for the melt spinning Cu-Cr ribbon and the cooling mediator 
 
The initial temperatures within the ribbon and the cooling mediator are uniform at T10 and T20, 
respectively. The temperature of the ribbon-mediator interface is suddenly changed to Ti. The axial 
coordinate orthogonal to the interface and with its origin at the interface is denoted by x. Based on the law 
of conservation of energy and Fourier’s law of heat conduction, the following differential equation with 
no internal energy generation is given as:  
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Whereα , ρ, c, λ, x, t are the thermal diffusivity (m2/s), the density (kg/m3), the specific heat capacity 
(J/kgK), the thermal conductivity (W/mK), the distance from the interface (m), the cooling time (s), 
respectively. T(x,t) is the temperature distribution as a function of the position x and the cooling time t. 
The method of dimensional analysis is used to solve Eq.(1) and the general solution for temperature 
distribution Ti is  
( / 2 )iT C Derf x tα= +                                                                                                      (2)  
Where C and D are the integration constants, erf (x) is the called the Gaussian error function. The 
values of the error function can be found in the related table, such as erf(0)=0 and erf(∞)=1. 
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Thermal conductivity, specific heat and enthalpy are non-linear functions of temperature. The enthalpy 
of the alloy has great influence on the crystallization of rapid solidification of Cu-Cr ribbons, which will 
result in major calculation errors if this factor is not considered. Therefore, thermal conductivity, specific 
heat and enthalpy in this paper are all inputted in temperature dependent functions.  
The following boundary condition and initial condition of rapid solidified Cu-Cr ribbons is T1=Ti 
(x=0(t>0)) and T1=T10 (t=0(x<0)). For the boundary condition and initial condition, we have C1=Ti and 
D1= Ti-T10.  
If we substitute the values of C1 and D1 into Eq.(2), then we can obtain the temperature field of the Cu-
Cr ribbon. 
1 10 1( ) ( / 2 )i iT T T T erf x tα= + −                                                                                               (3) 
In Eqs.(3), T1 the temperature distribution within the Cu-Cr ribbons, , is a function of the position x and 
the cooling time t. The cooling rate v of the Cu-Cr ribbons is   
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At the distance x=0, the heat flux is the equal on both sides of the ribbon-mediator interface. The relevant 
equation is 
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Where Qin is the heat flux from the interface to the ribbon and Qout is the heat flux from the cooling 
cooper mediator to the interface. From Equs.(3) and (4), we can get 
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If we substitute the above formulae into Eq. (7) and simplify, then 
1 1 1 10 2 2 2 20 1 1 1 2 2 2( ) / ( )iT c T c T c cλ ρ λ ρ λ ρ λ ρ= + +                                                                 (7)  
The solidification time rapidly solidified Cu-Cr ribbons can be calculated with the following formula 
based on Chvorinov’s rule  
2 2/t x K=                                                                                                                                                (8) 
The solidification constant 
2 2 2 20
1 1 10
2 ( )
( ( )
i
e s
c T T
K
L C T T
λ ρ
π ρ
−= + −                                                                                                               (9) 
The treatment of the physical parameters of rapid solidification Cu-Cr ribbons is  
Cu Cr Cu Cu Cr
1
Cr Cu Cu Cr
λ (λ +2λ -2φ(λ -λ ))λ =
λ +2λ +φ(λ -λ )
                                                                                                      (10) 
( )1e L Sc L / T TCu Cu Cr Crc cω ω= + + −                                                                                                (11) 
L Cu Cu Cr CrL Lω ω= +                                                                                                                             (12) 
1 100 / ( / / )Cu Cu Cr Crρ ω ρ ω ρ= +                                                                                                       (13) 
Where φ is the volume fraction of Cr, ωCu and ωFe are the mass fraction of Cu and Fe, L is the latent 
heat of crystallization of Cu-Cr ribbons, c1e is the specific heat capacity during the solidification of Cu-
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Cr ribbons, TL and TS are the liquidus and solidus temperature. The beginning temperature is 1950 K, the 
solidus is 1349K and the liquidus is 1910 K for melt spinning CuCr25 ribbons . For the values of initial 
conditions and the physical parameters are presented in Table 1. 
 
If we substitute the above values into formula (3), then we can obtain the temperature field of the rapid 
solidification Cu-Cr ribbons. The corresponding graph of temperature distribution and the cooling rate of 
melt spinning CuCr25 alloys is show in Fig.2. 
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Fig.2 The graph of the function (3) and the temperatureT1 (a) vs. the cooling time t (b) of the melt spinning CuCr25 ribbons 
 
As can be seeing in Fig.2, the temperature of the melt spinning CuCr25 ribbons decrease rapidly at first 
and decreases gradually slow as time increasing. The decreasing temperature of the ribbons becomes 
slowly as the thickness increasing. The temperature distribution variation with both position and time 
within melt spinning CuCr25 ribbons is obtained by an analytic solution of one dimensional transient heat 
conduction equation. The factors affecting the temperature distribution and the cooling rate are discussed 
according to the cooling rate function. According to the formula [7]  
B
d Av
−=                                                                                                                                                  (14) 
Where d is the average diameter of the grain, μm; A is a constant and about equal to 50 μm·K/s; B is a 
constant and equal to 1/3. If we substitute the calculated cooling rate in to Eqs.(14), then we can obtain 
the average diameter of the grain for rapid solidified Cu-Cr alloys. The melt spinning CuCr25 alloys was 
selected in this paper, which can be seeing in table.2 
Table 2 The calculated cooling rate and average diameter at the free surface for CuCr25 ribbons 
Speed (m/s) 4 m/s 12 m/s  36 m/s 
Average thickness (μm) 400 120 30 
Time (s) 0.00065 0.000059 0.0000037 
Cooling rate (K/s) 2.85×105 3.16×106 5.06×107 
Average diameter (μm) 0.8 0.4 0.15 
Table 1 Data of initial conditions and the physical properties of materials Cu-Cr alloys [6] 
Materiais 
Initial temperature 
T(K) 
Dentisity 
ρ(Kg/m3) 
Specific heat capacity
c(J/kgK) 
Thermal conductivity 
λ (W/mK) 
Latent heat of crystallization
L (kJ/kg) 
Cu 293 8960 384.5 401 205.4 
Cr  7190 449.1 93.7 325 
a 
b 
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Calculated diameter (μm) 0.76 0.34 0.135 
The free surface microstructures of melt spinning CuCr25 alloys at a speed of 4m/s, 12m/s and 36m/s 
are show in Fig.3.  
   
Fig.3 The free surface microstructures of the melt spinning CuCr25 ribbons (a) 4m/s (b) 12m/s (c) 36m/s 
 
It can be seeing that the calculated average diameter agree very well to the experimental results. The 
calculated cooling rates are also agree well with Zhang [7] et al’s calculated value that the cooling rate in 
melt spinning amorphous alloys is about 105~108 K/s.  
3. Conclusions 
The temperature distribution variation with both position and time of rapid solidification Cu-Cr ribbons 
are obtained by an analytic solution of one-dimensional transient heat conduction equation. The cooling 
rate function of the ribbon is also obtained by the integration of this equation. The numerical simulative 
results are coincident very well with the microstructure of rapid solidification Cu-Cr alloys at three 
different wheel speeds 4, 12 and 36 m/s.  
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